Purpose: Gold nanorods have the potential to enhance the treatment efficacy of interstitial photothermal therapy. In order to enhance both the potential efficiency and the safety of such procedures, treatment planning on laser power density, nanoparticle concentration, and exposure time has turned out to be useful in predicting the thermal damage and optimizing treatment outcome. To the best of our knowledge, there is no previous report on the optimization of interstitial plasmonic photothermal therapy (PPTT) for all these free parameters simultaneously. The authors propose to develop a suitable optimization algorithm for interstitial PPTT to optimize these parameters and achieve complete damage to spherical tumors of different sizes with a damage margin width of 1 mm from the tumor boundary embedded deep inside a normal tissue model.
INTRODUCTION
Plasmonic photothermal therapy (PPTT) has attracted significant attention because of the merits of nanoparticles in photostablility, photobleaching, and enhanced absorption cross sections. 1 Compared to conventional laser therapy, it could be used to selectively heat the local medium by converting the photon energy into heat and diffusing it out to its surrounding medium. Nanoparticle mediated photothermal therapies are predominantly designed to operate in "NIR window" to minimize attenuation of the energy resulting from undesired lighttissue interactions, and to prevent undesirable damage due to heating of healthy tissue. NIR absorbing nanoparticles 2 have been successfully demonstrated for the treatment of human breast epithelial cancer, 3 prostate cancer, 4 oral squamous cell carcinoma, 5 and colon cancer 6 xenografted into mice. Though nanoparticles seem to have a good potential, multiple treatment conditions must be carefully manipulated in order to achieve an effective PPTT treatment. Manipulation of treatment conditions, which interact with each other nonlinearly, includes selecting the proper laser wavelength, power, and exposure time (ET), selecting the proper type and placement of fibers/applicators, and selecting the type and concentration of nanoparticles.
For those tumors located deep underneath the tissue surface, interstitial PPTT is more advantageous than PPTT with superficial illumination. Interstitial PPTT is an extension of laser-induced interstitial thermotherapy (LITT), which is a minimally invasive local laser thermal treatment. LITT has been used clinically to treat tumors and other diseases in organs such as the liver, 7 brain, 8 prostate, 9 and breast. 10 In LITT, near-infrared laser radiation is delivered to the targeted tissue volume via an optical fiber delivery system to achieve tissue necrosis to ensure total cancer cell death and minimize damage to surrounding healthy tissue, especially in vital organs during the treatment. Although the development of interstitial PPTT is still in its early stage, it can be anticipated that interstitial PPTT may become as popular as LITT in the near future. 11 Numerical modeling of the laser-tissue interaction process is an important and effective way to facilitate the evaluation of a wide range of parameters for a desired outcome without extensive in vivo trials. A number of early studies have sought to model the hyperthermic and coagulative responses of tissues during surface-irradiation 12, 13 and laser interstitial thermal therapy processes 14, 15 without the use of nanoparticles. Conventional modeling has normally included the following three steps: (1) calculation of the laser energy distribution using various optical models; (2) calculation of the temperature increase using bioheat transfer equation; and (3) calculation of the extent of the thermal damage. The same techniques have been extended to simulate nanoparticle-mediated laser surgical protocols. Elliott et al. 16 modeled and demonstrated experimentally on phantoms the spatiotemporal thermal distribution associated with surface-irradiation of near-infrared laser combined with gold nanoshells, which was later demonstrated on animals. 17 Their methods mainly focus on the use of two different concentrations of nanoparticles to demonstrate the extent of spatial distribution in light absorption and calculate the subsequent temperature field for a set of laser powers in external illumination. For deep seated tumors, Xiao et al. 18 numerically investigated the effect of varying concentrations of nanoshells on the optical and thermal distribution in interstitial laser therapy for relatively large tumors. Though these works yield useful tools to predict the temperature profiles for a set of laser power and nanoparticle concentrations (NC), they did not explore the optimization of laser thermal therapy through systematic evaluation of contributing parameters.
Optimization algorithms for laser treatment planning have been investigated previously by several other groups. In photothermal therapy Rylander et al. 19, 20 developed an optimization algorithm for prostate cancer laser therapy design which focuses on achieving maximum prostate tumor destruction and minimizing injury to healthy surrounding tissue. In this work, the optimization process is driven through the minimization of objective functions based on desired heat shock protein (HSP) expression and injury fraction. This work was further extended to build a computational model of the bioheat transfer in living tissue to guide, in real-time, laser treatment of prostate cancer monitored by magnetic resonance thermal imaging where three different objective functions were developed to optimize the temperature, damage, and HSP, respectively. 21 These optimization techniques use a different objective function to optimize each quantity, which makes the use of such optimization complicated. Extending the optimization process to nanoparticle mediated laser surgery, Feng et al. 22 presented an integrated computer model using an optimization algorithm to simulate laser surgery and provide transient temperature field predictions. They developed a nested-block optimization algorithm that is applied to the Pennes bioheat transfer model 23 to simulate the transient temperature field during laser surgery on a prostate tumor by taking the difference between the computed temperature field and the measured temperature field. Though this method predicts the optimum temperature and its distribution in the tumor region, it fails to systematically evaluate the importance of each free parameter on thermal damage. Because PPTT involves several key parameters such as laser power density (LPD), nanoparticle concentration (NC), and exposure time (ET) which can all affect the treatment outcome, it is important to develop an optimization strategy to take all these parameters into account in order to achieve the optimal outcome with minimal adverse effect on patients. There is no previous report on optimizing all these free parameters for damaging the tumor of interest and at the same time minimizing the damage to the normal tissue in PPTT to the best of our knowledge.
We propose to develop a suitable optimization algorithm for interstitial PPTT to completely damage spherical tumors of different sizes plus an additional 1 mm of the normal tissue surrounding the tumor to prevent the regrowth of tumor. We will use Pennes bioheat equation 23 and Arrhenius damage law 24 to determine the temperature and thermal damage distributions, respectively. Then through a systematic optimization strategy with a novel tunable objective function, we obtain the optimized parameters for achieving complete thermal damage for different tumor sizes. As compared to other previous reports, our approach is novel in (1) taking into consideration all three key parameters in a single objective function including laser power density, nanoparticle concentration, and exposure time with weights accounting for the relative importance of each parameter and (2) using complete thermal damage calculated from Arrhenius damage law 24 that corresponds to irreversible thermal damage to tissues instead of a threshold temperature value as the end point to indicate thermal damage. This optimization based treatment planning platform would allow clinicians to select parameter values and predict the thermal damage in interstitial PPTT. It can be a useful tool to show the thermal damage profiles for tumors with various sizes. The implementation of this information has a potential to reduce the complexity of treatment planning and provides means to deliver more conformal thermal damage.
COMPUTATIONAL METHODS
The computational model takes into account interstitial laser illumination, thermal propagation, and thermal damage due to embedded gold nanorods in a tumor buried in a homogenous normal tissue. The model consists of two steps of computation. First, temperature elevation will be calculated as a result of heat generation due to gold nanorods embedded in tissue via photothermal effect. Second, the thermal damage is calculated from the history of temperature rise at each location. Since the optical properties of the tumor region can be altered by adjusting the concentration of nanorods, the tumor absorption coefficient can be controlled to achieve effective and selective heating of the tumor. Each step of the modeling process is described in Secs. 2.A and 2.B.
2.A. Bioheat distribution
The Pennes bioheat equation 23 describes the heat diffusion in a tissue caused by heating from any source. Heat was generated from the absorption of light energy in this particular study. The governing equation in a cylindrical coordinate system is as shown below:
where ρ C p and k correspond to the density (kg m −3 ), specific heat (J kg
, and thermal conductivity (W m −1 K −1 ) of the medium, respectively. ρ b , C p, b , and ω b correspond to the density, specific heat, and perfusion rate of blood, respectively. T b and T correspond to the arterial blood temperature ( • C) and temperature (
• C), respectively. Q m is the metabolic heat source term. In addition, Q is the external heat source term, which for a cylindrical laser applicator is defined as 25, 26 
where k α is the absorption coefficient (m −1 ), I O is the laser power density (W m −3 ), and r is the radial distance from the center of the applicator (m).
At the boundaries, the tissue is assumed to be at the arterial blood temperature (T b ) which is normally assumed to be fixed at 37
• C. The initial temperature inside the tissue and the tumor is also kept at 37
• C mimicking the normal body temperature.
As the laser light propagates through nanoparticle incubated biological tissues, it is absorbed by the nanoparticle and also by the tissue. Therefore, k α should be the overall contribution due to absorption from both the biological tissue (k t ) and the embedded nanorods (k nr ):
For nanorods, k nr can be quantified 27, 41 in terms of the absorption efficiency (ratio of its absorption cross section to the total cross-sectional area of the nanorod), 28 Q abs , and the number of nanorods per unit volume, N T :
where r eff is the effective radius of the nanorod which can be calculated from its Volume V and is given by
2.B. Thermal damage
Thermal damage in cells and tumor can be predicted mathematically by a first-order thermal-chemical rate equation, in which temperature history determines the damage. Damage is considered to be a unimolecular process, where native molecules transform through an activated state leading to cell death. Damage is quantified using a single parameter and is calculated from Arrhenius law. 24 Damage is dimensionless, exponentially dependent on temperature, and linearly dependent on time of exposure, which is given by
where is defined as the logarithmic of the ratio of initial concentration of healthy cells, C 0 , to the fraction of healthy cells, C τ , at time τ . A f (s −1 ) is the frequency factor, E a (J mole −1 ) is the injury process activation energy, R (J mole
is the universal gas constant, and T (K) is the instantaneous absolute temperature of the cells during thermal stress which is a function of time, t (s). Equation (6) indicates that the measure of damage ( ) describes the probability of tissue being destroyed. It is the logarithm of the ratio of the initial concentration of undamaged tissue to the concentration once damage has accumulated, for the time interval t = 0 to t = τ . As used previously in the literature, 29, 30 = 1 is chosen in this study to indicate that a sufficient irreversible damage has been achieved.
The simulation model for interstitial PPTT of RCC is as shown in Fig. 1 . The laser/tumor/tissue system was modeled and relevant equations were solved numerically using the finite element modeling (FEM) method by a commercial FEM package (COMSOL Multiphysics 4.2). Using this software, the bioheat transfer equation and the thermal damage function were calculated simultaneously. Since the model is axisymmetric, a 2D axisymmetrical 31 model was setup to simplify and speed up the simulation. The model basically consists of a cylindrical tissue 50 mm in length and a radius of 25 mm in which a spherical tumor of radius R is embedded. The simulations were performed on tumors of a series of radii including 2, 3, 4, and 5 mm.
The transient heat conduction equation 30 in COMSOL was solved to obtain the temperature inside the domain using the geometry as shown in Fig. 1 . In the model a cylindrical laser diffuser of 1 mm in diameter, with a radial illumination length of 2R and an additional 1 mm in the either side of the axial dimension in the tumor as shown in Fig. 1 to achieve a Only half of the cross section is shown due to the axisymmetry around the z-axis. The short arrows in the tumor area indicate the direction of light illumination from the diffuser (1 mm in diameter and R + 2 mm in length). The diffuser is shown for illustration purpose only. Boundaries 1, 2, and 3 are maintained at the arterial blood temperature (T b ) which is fixed at 37 • C in this study.
more uniform thermal damage was assumed to be already inserted into the tumor. Throughout the simulation a 785 nm near-infrared laser light with a power density varying from 0 W m −3 to 3 × 10 3 W m −3 emanating from the surface of the cylindrical laser diffuser was considered. The laser exposure time was varied from 0 to 900 s to observe tissue damage at different time points. The upper limits of the laser power density and exposure time were selected to include the typical values used in photothermal therapy. 5 Gold nanorods with 10 nm axial diameter and 38 nm in length were used in the interstitial PPTT model. These nanorods have longitudinal surface plasmon resonance (SPR) at 780 nm, an absorption cross section of 3 × 10 −15 m −2 , and an absorption efficiency of 45. 28 The plasmon resonance wavelength of these nanorods closely match with the laser wavelength.
The nanorods were assumed to be injected intravenously before PPTT. When injected intravenously these nanorods get accumulated and retained in the tumor interstitial space mainly through the enhanced permeability and retention (EPR) effect and also in the surrounding normal tissue 32 and in other organs such as liver, spleen, and lungs. The gold concentration in the tumor is three or four times that of the surrounding normal tissue. 32, 33 For example, if we assume that the nanorod concentration in the tumor is 1 × 10 9 nps/ml, in which "nps" is the abbreviation of "nanoparticles," then the nanorod concentration in the surrounding normal tissue would be ∼0.29 × 10 9 nps/ml. And hence, according to Eq. (3) the nanorods will contribute to an increase in k α in the tumor and the tissue region. The nanorod concentration was varied from For simulating thermal damage, the transient diffusion equation 30 in COMSOL was used. The diffusion coefficient of the equation is set to zero and the source term of the diffusion is set as A f exp[−E a /RT(t)]. The boundary condition of the diffusion equation is set as insulation (flux = 0) at all the boundaries. The thermal damage contour levels were plotted in the domain at the end time. The region within the innermost contour ( = 1) is said to have been thermally damaged.
This treatment procedure was mainly focused for the treatment of renal cell carcinoma (RCC) and hence the optical and thermal properties corresponding to the kidney were used in the simulation. 34 Since biological tissues are mostly transparent in the therapeutic optical window, the absorption coefficients (k t ) of the tumor (RCC) and the surrounding normal tissue (kidney) in this spectral region were quite low, which were chosen to be 8 and 25 m −1 , respectively, according to the literature. 35 In all the calculations, it was assumed that only the optical properties of the tissue model including the tumor were affected by the gold nanorods. The physical and thermal properties such as the density and specific heat were assumed not varying with the addition of nanorods. The values of parameters used in the simulation of bioheat transfer and thermal damage are summarized in Table I .
2.C. Optimization scheme
In any hyperthermia treatment for tumor, one would always desire the complete necrosis of the tumor region plus an additional 1 mm of the normal tissue from the tumor boundary while minimizing damage to the rest of the normal tissue. Such a goal is achieved by ensuring that the radius corresponding to complete thermal damage obtained from Arrhenius law covers the entire tumor and small section of the normal tissue.
A constrained optimization problem was developed with the following free parameters, i.e., LPD, ET, and NC. The problem was formulated as follows:
with an equality constraint of
where TDR corresponds to the simulated minimum radius corresponding to complete thermal damage, R represents the actual tumor radius for which an additional 1 mm is taken for the collateral damage, x = [LPD, ET, NC], W is the weight factor, and lb and ub correspond to the lower bound and upper bound values of each variable, respectively. It can be seen that the optimization result from Eq. (7) would yield minimal values in the laser power density, exposure time, and nanoparticle concentration, while the constraint would ensure a reasonable treatment outcome, which is desirable in a typical PPTT procedure. In Eq. (7), each free parameter in the minimization problem can be weighted differently according to a user's preference. During optimization, the lower bound (lb) and upper bound (ub) values were 0 and 3.0 × 10 3 W m −3 , 0 and 900 s, 0 and 7.5 × 10 9 nps/ml for LPD, ET, and NC, respectively. The parameter values that induced a collateral damage to the normal tissue with a margin of at least 2 mm ( = 1) from the tumor boundary were taken as the upper bounds. The optimization process was carried out for different sets of weights for individual parameters to evaluate how the optimization result varies with the weight set. In this study, a weight value of 100 to 20 in steps of 20 was assigned to a free parameter depending on whether the minimization of the parameter was considered important or less important. Hence, a total of 125 different weight sets for each tumor size were evaluated. The optimization problem was then solved using a function, fimincon, in the Optimization Toolbox of MATLAB 11 (Mathworks, Inc., Natick, MA, US), which attempts to find a constrained minimum of a scalar function of several variables starting at an initial estimate. For those values of free parameters not simulated, the interp3() function in MATLAB was used to interpolate and perform optimization.
RESULTS
Numerous simulations were conducted to investigate the effects of inclusion of nanorods on the temperature and the damage function. To investigate the effect of laser power density with zero concentration of nanorods, the tissue/tumor model was simulated and results are as shown in Fig. 2 . The laser power density was steadily increased and at the same time the model was exposed to a sufficiently large time. The results show that there is hardly any increase in overall temperature of the tumor. Figure 3 compares the temperature distribution in a tumor having a uniform distribution of nanorods with various concentrations induced by a laser at a power density of 3 × 10 3 W m −3 . There is a steady increase in the overall temperature as the concentration increases; however, the uniformity of the temperature distribution changes significantly. It can be observed that the temperature distribution is squeezed toward the laser diffuser as the concentration of nanoparticles increases, which suggests that thermal damage occurs in a shallower tissue region. Figure 4 gives a detailed graph about how the concentration of nanorods affects the temperature along the radius of the tumor and the tissue. It is clear that the temperature next to the diffuser increases with an increasing nanoparticle concentration. Irrespective of the concentration, the temperature drastically decreases from the diffuser (zero radius) to the boundary of tumor and tissue and eventually equals the initial temperature (37
• C). It is also noted that the slope of the decreasing trend increases with the nanoparticle concentration, which could be attributed to the increasing absorption due to nanoparticles. Figure 5 shows the thermal damage contours that are overlaid on the temperature distribution profiles at an exposure time of 900 s, in which the laser density and nanorod concentration are 2.5 × 10 3 W m −3 and 4 × 10 9 nps/ml, respectively, for a series of tumor radii including 2, 3, 4, and 5 mm. successful thermal therapy the entire tumor should be within the thermal damage contour. The tumor boundary represented by the thick black line is within the innermost contour ( = 1) for all the tumor sizes which signifies that the tumor of interest has been completely damaged. When the thermal damage contour is close to the tumor boundary, it mimics the shape of the tumor boundary, i.e., a circle. So the radius of the contour corresponding to complete thermal damage ( = 1) can be used to approximately represent the spatial extent of effective treatment.
The optimization result for a weight value of 100 or 50 assigned to the free parameter is listed in Table II . By comparing a pair of results for different weight sets, for example, the first and second sets in which the weight of LPD is larger in the first set than in the second set while other weights are equal in two sets, it can be seen that the assignment of a larger weight to a free parameter does result in a smaller value in the optimization result as expected. As a tradeoff, the other two free parameters have to take larger values for compensation to achieve similar treatment outcome. This demonstrates the effectiveness of the weighting scheme.
The data from Table II and the optimization data corresponding to the weight values of 100 to 20 in steps of 20 are plotted in a color mapped 2D scatter plot for better comparison and visualization as shown in Fig. 6 , in which the color map in the plot represents the laser power density. The data corresponding to Table II are highlighted and the results are mostly concentrated in the middle suggesting that different weights, i.e., 100 or 50, could result in a significant change in the results of optimization. By comparing a pair of results for different weight sets, for example, the first and second sets in which the weight of LPD is 100 in the first set and 50 in the second set, it can be seen that the assignment of a small weight to a free parameter does result in a higher value for LPD which in turn results in a smaller value for ET and NC in the optimization result. This demonstrates the effectiveness of the weighting scheme. Furthermore, it can be seen in Fig. 6 that the optimized result could change significantly with the weight combination, which indicates that a clinician could have a quite large freedom to select these parameters for individual patients while still achieving the desired treatment outcome. Figure 2 shows that varying laser power density and exposing it for a sufficiently long time have a moderate effect on the overall temperature rise with zero concentration of nanorods because of the low absorption coefficient in the tumor/tissue model. Adding nanorods increases the absorption coefficient which will dramatically alter the overall heat generation and distribution in the model, which can be seen from the significant increase in the maximum temperature in Fig. 3 . It is interesting to note that an increase in nanorod concentration creates a less penetrating temperature profile as shown in Fig. 3 . Because the nanorods in this study possess strong absorption and weak scattering, the decrease in the penetration depth of thermal damage could be mainly attributed to the increased light absorption as the concentration increases. This finding agrees with the previous reports, where it is shown how the laser penetration depth 41 was decreased and the temperature distribution 42 was shrunk in the presence of nanoparticles. This observation implies the importance of finding optimal nanoparticle concentration to achieve thermal damage down to a desired depth. In Fig. 4 , it can be observed that the temperatures at the tumor boundary and beyond are similar irrespective of the concentration of nanorods. This is mainly due to the removal of heat by blood perfusion, which plays a significant role in heat and mass transfer of a biological medium. 43, 44 For a successful therapy and to prevent any reoccurrence of a malignant tumor, a marginal collateral damage to the normal tissue is desired by clinicians. Figure 5 suggests that the required collateral damage to remove the positive margins in the normal tissue is easily achievable by varying the free parameters. By manipulating the parameters involved such as laser power density, exposure time, and nanorod concentration, one can optimize the extent of the desired thermal damage in the region. However, there is a limited range of these parameters where the desired treatment outcome can be achieved and the optimization method developed in this study can find such ranges according to the clinician's preference about which parameter(s) need to be optimized in terms of priority.
DISCUSSION
From the optimization results for various weight sets in Table II , it is noticed that a slight decrease in one free parameter can be compensated by an increase in other free parameters and vice versa, in which the desired thermal damage can always be achieved. Furthermore, Fig. 6 shows that at higher power densities, the optimized nanorod concentration and the exposure time have a fairly limited range. However, when the laser power density decreases the optimized values of two other parameters cover a broader range. This infers the importance of optimization in PPTT, which provides flexibility for a clinician to make appropriate choice for specific patients according to their special needs. For example, a lower laser power density and/or a shorter laser exposure time might be preferable for a patient sensitive to laser illumination. A lower nanoparticle concentration is preferred for a patient who is potentially allergic to nanoparticles.
Depending on the tumor location and size, the treatment can be planned well in advance before the actual experiment by the proposed computational methodology. The initial values of the parameters can be selected using this method before the start of the actual treatment. Furthermore, by using in vivo measurement tools to provide an instant map of the spatiotemporal temperature elevation and thermal damage in the tumor during laser therapy, the methodology demonstrated in this work could be used to adjust treatment dosage instantly.
CONCLUSION
In our present study, we numerically investigated the optimization of interstitial plasmonic photothermal therapy for spherical tumors. The spatiotemporal distribution of temperature elevation and thermal damage for the tumor model with a given concentration of nanorods interstitially irradiated with near-infrared laser light was simulated using a commercial software package based on the finite element method, COMSOL Multiphysics. A novel objective function with a tunable weight for each parameter was created to enable the optimization of multiple key parameters, including nanoparticle concentration, laser power density, and exposure time, simultaneously but with different levels of priority. A thermal damage value of one calculated by Arrhenius damage law, which is more accurate than a threshold temperature typically used for characterizing thermal damage, was used to indicate effective treatment. The optimization study has demonstrated the feasibility of optimizing the damage pattern in the tumor treatment. It has been shown that through optimization, different combinations of the parameters can yield similar desired damage to a particular sized tumor. This process can significantly improve the treatment outcome, especially when the tumor is deeply seated and regularly shaped. We believe that the current study has the potential to provide guidance to clinicians in designing individualized protocols in interstitial plasmonic photothermal therapy for cancer patients.
